List of abbreviations {#nomen0010}
=====================

3-NT

:   3-nitrotyrosine

4-HNE

:   4-hydroxynonenal

ACh

:   acetylcholine

ATII

:   angiotensin II

CAD

:   coronary artery disease

cGMP

:   cyclic guanosine monophosphate

dB(A)

:   decibel

DHE

:   dihydroethidium

ET1

:   endothelin-1

HO-1

:   heme oxygenase-1

IL

:   interleukin

[l]{.smallcaps}-NAME

:   N(gamma)-nitro-[l]{.smallcaps}-arginine methyl ester

NIBP

:   non-invasive blood pressure

NOX

:   NADPH oxidase

PAI-1

:   plasminogen activator inhibitor-1

ROS

:   reactive oxygen species

VCAM-1

:   vascular cell adhesion molecule-1

1. Introduction {#sec1}
===============

Arterial hypertension represents a cardiovascular risk factor that has been shown to substantially increase mortality and morbidity \[[@bib1]\]. A meta-analysis of 42 trials and 144 220 patients demonstrated a direct linear relationship between each increase of 5 mmHg in systolic pressure and risk of cardiovascular mortality \[[@bib2]\]. In addition to the strong correlation with cardiovascular events and mortality, arterial hypertension also has a high prevalence of 1.3 billion worldwide \[[@bib3]\]. For this reason, it is important to establish the precise pathophysiological interactions between arterial hypertension and other cardiovascular risk factors.

Environmental noise pollution has been identified as a cardiovascular risk factor and has been associated with arterial hypertension \[[@bib4], [@bib5], [@bib6], [@bib7]\]. Translational studies in humans both with and without established coronary artery disease have found that in particular, nighttime noise is associated with an increase in blood pressure, endothelial dysfunction, and an increase in stress hormone levels \[[@bib8],[@bib9]\]. The genesis of these noise-dependent pathophysiological changes is likely in part related to an increase in oxidative stress and the subsequent decreased nitric oxide bioavailability within the vasculature \[[@bib8],[@bib9]\]. Importantly, the adverse effects of aircraft noise on vascular function were more pronounced in patients with coronary artery disease (CAD) compared to healthy subjects \[[@bib10]\], suggesting that in the presence of preexisting CAD and/or cardiovascular risk factors, aircraft noise may have additional or even potentiating negative impact on the cardiovascular system \[[@bib10]\]. In a recently established animal model, we provided molecular insight into the vascular and cerebral consequences of aircraft noise \[[@bib11],[@bib12]\]. In particular, nighttime noise exposure was associated with increased oxidative stress within the vasculature and the brain, with increased stress hormone levels, endothelial dysfunction and increased evidence for inflammation \[[@bib11],[@bib12]\]. Phagocytic NADPH oxidase (NOX-2) and uncoupled nitric oxide synthase have also been identified as significant sources of superoxide \[[@bib11],[@bib12]\]. NADPH oxidase is believed to be the mediator by which angiotensin II (ATII) causes arterial hypertension and oxidative stress \[[@bib13], [@bib14], [@bib15]\], suggesting that a combination of ATII and noise may have additive or even potentiating adverse effects on arterial hypertension. Thus, the specific question being addressed in the present study is whether aircraft noise may further enhance oxidative stress in the vessels and the brain, inflammatory reactions, endothelial dysfunction when applied simultaneously with ATII.

2. Methods {#sec2}
==========

2.1. Animals {#sec2.1}
------------

All animals were treated in accordance with the Guide for the Care and Use of Laboratory Animals as adopted by the U.S. National Institutes of Health with approval granted by the Ethics Committee of the University Medical Center Mainz and the Landesuntersuchungsamt Rheinland-Pfalz (Koblenz, Germany; permit number: 23 177--07/G 15-1-094 and G 18-1-084). All mice were male C57BL/6J between 6 and 12 weeks old, purchased from Janvier. The mice were housed in a standard 12-h light/dark cycle with free access to food and water. A total number of 255 mice were used for the study. Four groups of mice were used: untreated controls (CTR), noise-exposed for 7 days (Noise), ATII infusion for 7 days (ATII), and ATII infusion for 7 days plus simultaneous noise exposure for 7 days (ATII + Noise). Prior to the start of the experiment, mice were trained three times and a baseline blood pressure measurement was taken. Following mini-pump implantation and subsequent noise exposure, animals were sacrificed by cardiac puncture under isoflurane anesthesia. The heart, aorta, kidney, brain and plasma were harvested.

2.2. Minipump implantation {#sec2.2}
--------------------------

Alzet minipumps were loaded with ATII obtained from Bachem AG as acetate salt (prod no. 4006473) in 0.9% NaCl solution to deliver a dose of 0.5 mg/kg/d. Pumps were implanted subcutaneously in mice anesthetized with isoflurane as described \[[@bib16],[@bib17]\]. Briefly, an incision of approximately 1 cm was made on the dorsal flank to allow for the insertion of the minipump. Immediately following the pump implantation, the wounds were treated with lidocaine ointment and mice were moved to the noise exposure chamber.

2.3. Noise exposure {#sec2.3}
-------------------

The noise chamber maintains the same housing conditions as the institutional animal facility in order to minimize transfer stress. Mice were exposed to 43-s-long noise events, irregularly distributed over a 2-h sequence, repeated constantly over a 7-day period. Noise was applied through downward-facing speakers positioned approximately 30 cm above open mouse cages as described \[[@bib11],[@bib12]\]. The sound system is a Grundig MS 540 with a total output of 65 W. The noise events had a maximum sound pressure level of 85 dB(A) and a mean of 72 dB(A) and were separated by silent periods with irregular distribution to prevent early adaptation. Sound pressure levels were calibrated with a Class II Sound level meter (Casella CEL-246) within one of the cages at initial setup.

2.4. Non-invasive blood pressure measurements (NIBP) {#sec2.4}
----------------------------------------------------

NIBP measurements were performed on days 0, 2, 4, and 6 of the treatment regimen using a CODA High Throughput 2 Noninvasive Blood Pressure System (Kent Scientific, Torrington, USA). This method has been proofed in accuracy in comparison to radiotelemetric measurement by Feng et al. \[[@bib18]\]. Measurements were preceded by three training sessions to acclimate the animal before the baseline measurement. Conscious animals were allowed to enter the restraining tube freely, placed in restraining tubes on a preheated platform (32 °C), and allowed to rest for 15 min. Fifteen NIBP measurements were taken per animal, the first five of which were discarded as acclimation cycles. The mean values of the remaining 10 NIBP measurements were used in calculations. Measurements took place at a set time each day to account for diurnal variation of blood pressure.

2.5. Immunohistochemistry for brain astrocytes {#sec2.5}
----------------------------------------------

Immunohistochemistry was performed on 4--5 μm thick de-paraffinized sagittal brain sections as described previously \[[@bib11]\]. In brief, the slices were first incubated in Ventana buffer, followed by automatic staining procedure using the NEXEX immunohistochemistry robot (Ventana Instruments). Primary antibody for astrocytes (GFAP; 1:300; polyclonal, rabbit, DAKO, Glostrup) was used and the sections were developed using iVIEW DAB Detection Kit (Ventana). For negative controls, the primary antibodies were omitted. Sections were scanned under equal lighting conditions using a Hamamatsu tissue scanner (Nanozoomer). Afterwards, Hamamatsu NDPI images of each scanned slide were transferred to a computer screen (Viewer Version DIH 4.0.0-20130402-63).

2.6. Detection of astrogliosis {#sec2.6}
------------------------------

Representative micrographs (TIF) from the corpus callosum (cc) were captured at 20x magnification. The micrographs were processed by using ImageJ software (<https://imagej.net/ImageJ> \[[@bib19]\]) as follows. Color deconvolution function (vector H DAB) was used to unmix RGB images. Micrographs from channel two (brown signal) were then processed by using the threshold function. The GFAP immunoreactive area in % was then quantified in two adjacent subfields (size 400 × 200 μm each) of the cc by using the analysis function and were then normalized to control level (baseline = 100%).

2.7. Statistical analysis {#sec2.7}
-------------------------

Results are expressed as mean ± SEM. All statistical calculations were performed with GraphPad Prism 8.01. Two-way ANOVA with Bonferroni\'s correction were used for comparisons of concentration-relaxation curves and blood pressure over time. For endpoint blood pressure, Western blot, dot blot, rtPCR, flow cytometry, immunohistochemical, and oxidative stress parameters, one-way ANOVA with Bonferroni\'s or Tukey\'s correction was used for the comparison of multiple means. In cases of failed normality, the Kruskal-Wallis test (Dunn multiple comparison) was used. All p \< 0.05 are considered significant denoted by: \* vs. Control, \# vs. Noise, \$ vs. ATII, and § vs. ATII + Noise. The number of replicates in the different assays may vary since not all animals were used in all assays.

2.8. Supplementary methods {#sec2.8}
--------------------------

Detailed methodological descriptions for all other methods are described in the online-only supplement: Vascular function by isometric tension studies \[[@bib20],[@bib21]\]; protein expression by immunohistochemistry \[[@bib22]\]; detection of oxidative stress in aortic cryo-sections by dihydroethidium fluorescence microtopography \[[@bib23], [@bib24], [@bib25]\], by dot blot analysis of oxidative stress markers \[[@bib11],[@bib12]\], by dihydroethidium-based HPLC analysis (aorta, heart, or frontal cortex) \[[@bib23],[@bib26],[@bib27]\], by mitoSOX-based HPLC analysis of cardiac mitochondria \[[@bib28],[@bib29]\] and by S-glutathionylation of eNOS using immunoprecipitation \[[@bib30],[@bib31]\]; protein expression by Western blotting of aortic \[[@bib11],[@bib12]\] and cardiac tissues \[[@bib32]\]; mRNA expression by quantitative reverse-transcriptase PCR of aortic \[[@bib16],[@bib22]\] and renal tissues \[[@bib33],[@bib34]\]; quantification of nitrite in plasma by HPLC \[[@bib35]\]; vascular infiltration of immune cells by flow cytometry \[[@bib14],[@bib36]\].

3. Results {#sec3}
==========

3.1. Effects of aircraft noise and ATII treatment on blood pressure {#sec3.1}
-------------------------------------------------------------------

Using tail cuff plethysmography, we observed a significantly higher systolic blood pressure in the mice that were exposed to both ATII and noise as compared to the ATII-only group and a borderline significant increase (p = 0.067) as compared to the noise-only group ([Fig. 1](#fig1){ref-type="fig"}A). For diastolic blood pressure, we observed no significant differences between the three exposure regimens (ATII, Noise and ATII + Noise), but the systolic and diastolic blood pressure of all treatment groups were increased compared to untreated mice ([Fig. 1](#fig1){ref-type="fig"}A). These effects were stable and were observed over the course of the treatment period in mice that underwent both ATII and noise treatments ([Fig. 1](#fig1){ref-type="fig"}B).Fig. 1**Blood pressure, vascular function and NO signaling show exacerbated impairment in hypertensive mice exposed to noise**. (A) Systolic and diastolic arterial blood pressure measured on the final day of the treatment. (B) The respective time courses of blood pressure over entire treatment period. (C) Endothelium-dependent (ACh) and -independent (NTG) relaxation of thoracic aortic rings was measured by isometric tension method. (D) Densitometric analysis and representative pictures of immunohistochemical stainings for endothelin-1 in aortic sections. Magnification 40x, scale bars represent 50 μm. (E) HPLC quantification of plasma nitrite concentrations with representative chromatograms. (F,G) Levels of eNOS phosphorylated at Ser1177 and VASP phosphorylated at Ser239 with representative Western blots. Data points are measurements from individual samples; 2-way ANOVA with Bonferroni\'s multiple comparison test (B,C) or 1-way ANOVA with Tukey\'s multiple comparison test (A,D-G); n = 10--15 (A), 4--17 (B), 15--42 (C) or 9--13 mice per group (D) or n = 5--9 samples (each pooled from 2 to 3 animals) (E--G). \**P* \< 0.05 vs. untreated controls; ^\#^*P* \< 0.05 vs. +Noise; ^\$^*P* \< 0.05 vs. +ATII.Fig. 1

3.2. Effects of aircraft noise and ATII treatment on endothelium-dependent and -independent vasodilation {#sec3.2}
--------------------------------------------------------------------------------------------------------

Noise exposure significantly impaired endothelium-dependent vasodilation (acetylcholine \[ACh\]-response) with no effect on endothelium-independent direct vasodilation by the nitrovasodilator nitroglycerine (NTG-response) ([Fig. 1](#fig1){ref-type="fig"}C). ATII-only treatment negatively impacted vasodilation of both types stronger than noise-only treatment. The negative effect on the endothelium-dependent vasodilation of ATII + Noise exposure was significantly higher than in the noise-only group. Endothelium-independent vasodilation was impaired in all ATII-treated groups without additional adverse effects by noise exposure ([Fig. 1](#fig1){ref-type="fig"}C). Alongside our isometric tension studies, immunohistochemical stainings revealed markedly increased levels of the vasoconstrictor endothelin-1 in aortic tissue of noise- or ATII-only groups with a minor tendency for exacerbated effects in the mice that underwent both treatments ([Fig. 1](#fig1){ref-type="fig"}D).

3.3. Effects of aircraft noise and ATII treatment on vascular NO signaling {#sec3.3}
--------------------------------------------------------------------------

Levels of plasma nitrite were decreased in all treatment groups compared to controls mice, with lowest levels in the ATII + Noise group ([Fig. 1](#fig1){ref-type="fig"}E). Levels of pSer^1177^-eNOS were slightly and insignificantly decreased in the ATII-only group, whereas in the ATII + noise-treated group we found a statistically significant decrease in pSer^1177^-eNOS levels ([Fig. 1](#fig1){ref-type="fig"}F). The surrogate parameter of NO/cGMP/PKG signaling, phosphorylated Ser^239^-Vasodilator-Stimulated Phosphoprotein (P-VASP), was decreased in both ATII treated groups without additional effects by noise exposure ([Fig. 1](#fig1){ref-type="fig"}G).

3.4. Effects of aircraft noise and ATII treatment on vascular ROS formation {#sec3.4}
---------------------------------------------------------------------------

Both ATII- and noise-exposed mice had higher levels of oxidative stress in plasma as well as aortic and cardiac tissue (4-hydroxynonenal, dihydroethidium aortic cryo staining and HPLC assays for superoxide), compared to untreated controls ([Fig. 2](#fig2){ref-type="fig"}). These levels tended to be exacerbated in the ATII + Noise group ([Fig. 2](#fig2){ref-type="fig"}A and B), which was most evident when superoxide was measured by HPLC assays, illustrating significant enhanced effects ([Fig. 2](#fig2){ref-type="fig"}C and D) and indicating heightened generation of ROS and/or impairment in oxidant clearance. The marker of nitro-oxidative stress, 3-nitrotyrosine, was increased in all treatment groups in plasma and the aorta, with potentiated aggravation in the ATII + Noise group (suppl. [Fig. S1](#appsec1){ref-type="sec"}).Fig. 2**Oxidative stress is increased by both hypertension and noise exposure and shows potentiated aggravation in the presence of both stressors**. (A) Densitometry and representative dot blot of 4-hydroxynonenal (4HNE)-positive proteins in plasma denoting lipid peroxidation as a consequence of superoxide formation. (B) Dihydroethidium stainings of aortic cryosections and their representative photomicrographs show ROS formation as red fluorescence and autofluorescence from aortic laminae as green. (C) Quantification and representative chromatograms of superoxide levels in aortic tissue as measured by HPLC analysis of 2-hydroxyethidium formation and expressed as changes to untreated control. (D) MitoSOX was used in HPLC analysis of isolated cardiac mitochondria as an indicator of mitochondria-specific superoxide formation expressed as changes to untreated control. Data points from (A) are measurements from 8 individual samples (each pooled from 4 animals), (B) represents individual animals, and (C--D) represent 4--6 individual samples (each pooled from 2 to 3 mice); 1-way ANOVA with Tukey\'s multiple comparison test; \**P* \< 0.05 vs. untreated controls; ^\#^*P* \< 0.05 vs. +Noise; ^\$^*P* \< 0.05 vs. +ATII. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 2

3.5. Effects of aircraft noise and ATII treatment on NOX-2 expression and eNOS uncoupling {#sec3.5}
-----------------------------------------------------------------------------------------

Aortic NOX-2 protein levels were increased in ATII treated group and in the ATII + Noise group as compared to controls. There was a tendency towards highest levels in the ATII + Noise group, indicating it as a likely source for the increased oxidant burden ([Fig. 3](#fig3){ref-type="fig"}A). NOX-2 protein data were confirmed by NOX2 mRNA expression that was increased in all treatment groups and by trend further aggravation in the ATII + Noise group (suppl. [Fig. S2](#appsec1){ref-type="sec"}). Furthermore, to investigate the functional status of eNOS, we examined eNOS S-glutathionylation, a mechanism for eNOS uncoupling. Noise, ATII and combination of both stressors significantly increased eNOS S-glutathionylation with a significant exacerbated effect in the ATII + Noise mice as compared to the ATII-only group ([Fig. 3](#fig3){ref-type="fig"}B). DHE staining showed increased oxidative stress in the endothelial cell layer of all treatment groups with a significant difference between ATII and ATII + Noise as well as borderline significance between Noise and ATII + Noise ([Fig. 3](#fig3){ref-type="fig"}C). Furthermore, a reduction in dihydroethidium (DHE) signal upon incubation with nitric oxide synthase inhibitor [l]{.smallcaps}-NAME implicates an uncoupled eNOS as a source of ROS with the most pronounced effect of [l]{.smallcaps}-NAME in the double treatment group ([Fig. 3](#fig3){ref-type="fig"}C). The protein expression of heme oxygenase-1 (HO-1) was also increased in all treatment groups and showed an significant potentiated increase with both stressors as compared to the noise-only group ([Fig. 3](#fig3){ref-type="fig"}D), mirroring the compensatory upregulation of this antioxidant enzyme by enhanced ROS levels as well as the expression of NOX-2 in the ATII + Noise group.Fig. 3**Sources of reactive oxygen species and stress-response pathway show enhanced activation in the presence of both stressors**. (A) NADPH oxidase isoform 2 (NOX-2, mainly in phagocytes) protein expression via Western blot in aortic tissue (representative Western blots below the densitometry). (B) *S*-glutathionylation of eNOS was measured by immunoprecipitation of eNOS, followed by Western blot against *S*-glutathionylated proteins as an assessment for the presence of the uncoupled ROS-generating enzyme form (representative Western blots below the densitometry). (C) Aortic cryosections were stained with DHE for ROS formation, with and without the specific NOS inhibitor [l]{.smallcaps}-NAME, which suppresses DHE signal from uncoupled eNOS in the aortic endothelium (representative staining images besides the densitometry). (D) Heme oxygenase-1 protein expression was measured in aortic tissue to evaluate the antioxidant stress response to the increase in ROS generation (representative Western blots below the densitometry). Data points from (A) are measurements from 5 to 8 samples (each pooled from 2 to 4 mice), (B) 4 samples (each pooled from 2 to 4 mice), (C) 13--14 individual animals and (D) 4--7 samples (each pooled from at least 2 mice); Kruskal-Wallis non-parametric test with Dunn\'s multiple comparison test (A,D) or 1-way ANOVA with Tukey\'s multiple comparison test (B,C); \**P* \< 0.05 vs untreated controls, \#*P* \< 0.05 vs + Noise, \$*P* \< 0.05 vs + ATII*,* \#*P* \< 0.05 vs + ATII + Noise.Fig. 3

3.6. Inflammation is exacerbated in hypertension after noise exposure {#sec3.6}
---------------------------------------------------------------------

Flow cytometry analysis revealed a significantly increased presence/infiltration of inflammatory immune cells in aorta of the ATII + Noise group. Inflammatory monocytes (Ly6G^−^Ly6C^+^), neutrophils (Ly6G^+^Ly6C^+^), and T-cells (TCRβ^+^) were increased markedly in count upon ATII + Noise treatment, with smaller increases in counts in the ATII-only and noise-only groups ([Fig. 4](#fig4){ref-type="fig"}A and B). *Plasminogen-activator inhibitor-1* (*PAI-1*), *cluster of differentiation 68* (*CD68*) and *vascular cell adhesion molecule 1* (*VCAM1*) gene expression was increased in aortic tissue of all treated mice with an exaggerated effect in *VCAM1*\'s and *CD68*\'s expression in the ATII + Noise group over noise-only exposure ([Fig. 4](#fig4){ref-type="fig"}C and D). A central role of activated monocytes in the pathogenesis of vascular dysfunction was also supported by higher expression levels of monocyte chemotactic protein-1 (MCP-1) in the presence of both stressors (suppl. [Fig. S3](#appsec1){ref-type="sec"}).Fig. 4**Immune cell infiltration into the vasculature and markers of thrombo-inflammation show exaggerated activation in the presence of both stressors**. (A,B) Quantification of flow cytometry of vascular infiltrates Ly6G^−^Ly6C^+^ (inflammatory monocytes), Ly6G^+^Ly6C^+^ (neutrophils), and TCRβ (T-cells) in aortic lysate are shown with representative flow cytometric plots. The gating strategy is shown in detail in suppl. [Fig. S6](#appsec1){ref-type="sec"}. (C) *PAI-*1 mRNA expression was also evaluated by rtPCR as a risk factor for thrombosis and atherosclerosis. (D) Expression of *CD68* and *VCAM-1* were measured by quantitative rtPCR as readout of the inflammatory response to ATII and noise treatment. Data points are measurements from n = 7--10 (A,B) and 8--18 (C,D) animals; 1-way ANOVA with Tukey\'s multiple comparison test; \**P* \< 0.05 vs. untreated controls, ^\#^*P* \< 0.05 vs. +Noise.Fig. 4

3.7. Cerebral ROS and inflammation are increased following hypertensive noise exposure {#sec3.7}
--------------------------------------------------------------------------------------

ROS levels were elevated in cerebral tissue of all treatment groups, shown by DHE staining of cryosections, with a significant increase in the ATII + Noise group as compared to the noise-only group ([Fig. 5](#fig5){ref-type="fig"}A). A similar pattern was found in HPLC measurements of cerebral superoxide ([Fig. 5](#fig5){ref-type="fig"}B), with highest levels in the ATII + Noise group, which was significantly higher than in the noise-only group. Similarly, IL-1β and IL-6 levels, which indicate the presence of inflammation within the cortex, also increased step-wise in the order noise-only, ATII-only and ATII + Noise treatment ([Fig. 5](#fig5){ref-type="fig"}C and D). Significant induction of neuroinflammation was shown by immunohistochemical detection of astrocyte activation in the ATII + Noise group, whereas noise-only and ATII-only treatments showed minor and insignificant increases in activated astrocytes as compared to the untreated control ([Fig. 5](#fig5){ref-type="fig"}E).Fig. 5**Cerebral oxidative stress and neuroinflammation are aggravated in the presence of both stressors**. (A) Cryosections of the frontal cortex were stained with DHE to yield red fluorescence in the presence of ROS (representative staining images besides the densitometry). (B) Cerebral lysate was subjected to HPLC analysis with DHE in order to measure the formation of the superoxide-specific 2-hydroxyethidium product (representative chromatograms besides the densitometry). (C,D) mRNA expression of IL-1β and IL-6 in cortical tissue was measured via quantitative rtPCR. (E) Astrocyte activation was determined by immunohistochemistry in the corpus callosum. Representative images for immunohistochemical staining for GFAP are shown at the level of the corpus callosum (CC). Suppl. [Fig. S7](#appsec1){ref-type="sec"} illustrates the workflow of the GFAP analysis. Data points from (A,B) are measurements from n = 4--10 individual animals, points from (C,D) are from 5 to 6 samples (IL-1β, each pooled from 2 to 4 mice) or 9--18 (IL-6) mice/group and points from (E) are from 12 individual animals; 1-way ANOVA with Tukey\'s multiple comparison test; \**P* \< 0.05 vs. untreated controls, ^\#^*P* \< 0.05 vs. +Noise. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 5

3.8. Evidence for structural and metabolic changes in the heart and kidney by hypertension and noise exposure {#sec3.8}
-------------------------------------------------------------------------------------------------------------

As shown in suppl. [Fig. S4](#appsec1){ref-type="sec"}, there was a clear trend for downregulation of proteins that account for structural processes, calcium handling and antioxidant defense, mostly in the heart of ATII exposed mice: sarco/endoplasmic reticulum Ca^2+^ ATPase (SERCA2a, −60%), mitochondrial manganese-superoxide dismutase (MnSOD, −45%), phospho-connexin 43 (pS325/328/330-Cx43, -20%) and total connexin 43 (Cx43, -30%). There was no evidence for synergistic effects on these parameters but overall, these changes are indicative of structural alterations and changes in calcium handling in the heart. As shown in suppl. [Fig. S5](#appsec1){ref-type="sec"}, there was a clear trend for synergistic upregulation of genes involved in the regulation of metabolic processes in the kidney of ATII + Noise mice: uncoupling protein 3 (*UCP-3*, 9-fold), parathormone-related protein (*PTHRP*, 3-fold and significant versus control) and arginase 2 (*ARG2*, 3-fold). In addition, there was a clear trend for synergistic downregulation of the matrix metalloproteinase 12 gene (*MMP12*, -40%) in the kidney of ATII + Noise mice. These changes are indicative of early stress adaptation of the kidney.

4. Discussion {#sec4}
=============

In the present study we sought to determine whether mice with experimental arterial hypertension (ATII-infusion for 7d) had exacerbated adverse cardiovascular and cerebral effects by co-exposure to aircraft noise. We found that noise applied to animals with previously established hypertension exaggerated endothelial dysfunction, increased oxidative stress and inflammation, particularly in the brain. Further, we found that the phagocytic NADPH oxidase (NOX-2)-mediated superoxide formation, immune cell infiltration (inflammatory monocytes, neutrophils and T cells) in the aortic wall and astrocyte activation in the brain and cytokine signaling were also increased after exposing the hypertensive ATII mice to noise. Mechanistically, vascular and cerebral inflammation and oxidative stress may represent key factors of the underlying pathophysiology.

Transportation noise, in particular road and aircraft noise, are known to be associated with an increased incidence of cardiovascular disease (for review see Ref. \[[@bib10]\]). Recent studies indicate that each 10 dB increase in transportation noise is associated with a 6--8% increase in risk for ischemic heart disease (e.g. heart attacks or other cardiovascular disease events) \[[@bib37],[@bib38]\] and that in the setting of pre-existing coronary artery disease, aircraft noise may exaggerate the negative effects on vascular (endothelial) function and blood pressure responses \[[@bib8],[@bib9]\]. Animal and clinical studies have indicated that cardiovascular risk factors, such as hypercholesterolemia, arterial hypertension, diabetes mellitus, and smoking lead to endothelial dysfunction and increased oxidative stress (for review see Ref. \[[@bib39],[@bib40]\]). Vascular and phagocytic NADPH oxidase \[[@bib14]\] and uncoupled NO synthase (for review see Ref. \[[@bib41]\]) have been identified as significant superoxide sources contributing to the pro-oxidant state induced by cardiovascular risk factors.

Recent experimental studies with transportation noise identified similar pathomechanisms accounting for endothelial dysfunction in response to noise and to cardiovascular risk factors. Simulated sleep phase aircraft noise, rather than awake phase noise was able to induce hypertension, increased release of stress hormones, endothelial dysfunction and increased vascular oxidative stress and inflammation \[[@bib11],[@bib12]\]. Likewise, the phagocytic NADPH oxidase and an uncoupled NO synthase were identified as significant superoxide sources \[[@bib11],[@bib12]\].

In the present study, we established that exposure to noise in hypertensive mice (induced by ATII) was associated with higher blood pressure, deterioration of endothelial function, a decrease in vascular NO levels representing reduced vascular NO bioavailability and increased vascular superoxide production. Correspondingly, we found that noise exposure increased NOX-2 protein expression in hypertensive ATII-treated animals, and increases in eNOS uncoupling as demonstrated by the increased levels in *S*-glutathionylated eNOS and the significantly increased inhibitory effects of the NOS inhibitor [l]{.smallcaps}-NAME on vascular superoxide production. In addition, eNOS activity was significantly inhibited by the combination of ATII and noise, as indicated by the decrease in the eNOS phosphorylation at Ser^1177^. As a consequence, HO-1 levels increased, which can be considered to be a compensatory response to increased vascular oxidative stress via redox-sensitive activation of NRF-2 \[[@bib42]\]. However, this compensatory upregulation of HO-1 was obviously futile since the inflicted damage by both stressors was not normalized. We also found a significant increase in mitochondrial superoxide production by noise in animals treated with ATII, which may impair left ventricular relaxation via decreased myocardial NO bioavailability \[[@bib43]\].

We found that vascular inflammation was exacerbated in hypertensive ATII mice in response to aircraft noise. Flow cytometric analysis revealed a significantly increased presence/infiltration of immune cells in aorta of the mice that underwent both treatments. Numbers of T-cells, neutrophils, and inflammatory monocytes were increased upon ATII + Noise treatment versus ATII alone. Oxidative stress-sensitive thrombosis/atherosclerosis risk factor plasminogen-activator inhibitor-1 (*PAI-1*), cluster of differentiation 68 (*CD68*) and vascular cell adhesion molecule 1 (*VCAM1*) gene expression was increased in aortic tissue of all treated groups with a small potentiated effect by both stressors over noise-only exposure in *VCAM1* and *CD68* expression, suggesting the strong inflammatory phenotype in response to ATII treatment represents a ceiling effect and may have partially masked the additional adverse consequences of noise on vascular inflammation. Nevertheless, our data suggests that noise exposure results in an exacerbation of the hypertensive inflammatory phenotype.

Substantial adverse effects of aircraft noise were seen with respect to oxidative stress and inflammatory responses in the brain. ROS levels were markedly elevated in cerebral tissue of all treatment groups, as evidenced by DHE staining of cryosections, with a significant increase in the mice with both treatments as compared to the ATII-only group and increase by trend as compared to the noise-only group. Likewise, IL-1β and IL-6 levels were higher and astrocytes were more activated in the ATII + noise group versus the noise-only and ATII-only groups pointing to a neuroinflammatory phenotype. The activation of stress hormone signaling pathways is the most likely explanation for the link between adverse cerebral effects of noise and the subsequent cardiovascular damage \[[@bib11]\]. In support, a recent study found that chronic exposure to aircraft and road traffic noise was associated with higher amygdala activity, vascular inflammation and increased cardiovascular event rates, emphasizing a neurobiological basis by which transportation noise may induce cardiovascular damage \[[@bib44],[@bib45]\]. Moreover, chronic aircraft noise exposure has been shown to be associated with cognitive impairment in children \[[@bib46]\] and mental health conditions in adults \[[@bib47]\], most likely due to increased cerebral oxidative stress due to downregulation and uncoupling of neuronal NOS \[[@bib11]\] mainly located in the prefrontal cortex, which regulates autonomic and neuroendocrine stress signaling and thus may contribute to noise-induced cerebral dysfunction \[[@bib48]\]. In line with this, numerous studies have demonstrated that hypertension is associated with increased risk of cognitive impairment and vascular dementia \[[@bib49]\].

Sustained effects of ATII and/or noise are supported by clear trends of altered expression of cardiac/renal proteins and genes that are involved in structural or metabolic processes. The decreased SERCA2a protein levels may be indicative of slower sarcoplasmic reticulum-calcium reuptake and reduced end-diastolic sarcoplasmic reticulum-calcium content, whereas diminished levels of Cx43 expression and phosphorylation at serine residues targeted by casein kinase 1 are associated with alterations in gap junction formation, electrical remodeling and increased susceptibility to arrhythmias \[[@bib50]\]. It is known that ATII treatment reduces SERCA2a expression \[[@bib51]\]. Decreased amounts of the MnSOD may contribute to the enhanced ROS formation detected in cardiac ROS subjected to ATII and/or noise. The mitochondrial membrane transporter UCP3 decreases mitochondrial membrane potential and thereby limits excessive ROS formation. Compensatory upregulation of UCP3 was reported for hypertensive, ATII-infused mice and significantly suppressed ROS formation in cardiomyocytes \[[@bib52]\]. PTHRP displays endocrine, autocrine, paracrine and intracrine hormone activities and acts as a vasodilator and mitogenic agent. Increased expression of PTHRP and kidney damage was reported for hypertensive (ATII-infused) mice, which was prevented by AT1-receptor blocker therapy \[[@bib53]\]. MMP-12 is also known as macrophage metallo-elastase and is involved in the breakdown of extracellular matrix. Although, genetic deficiency of *MMP-12* was protective in ATII-induced hypertensive mice and limited heart fibrosis \[[@bib54]\], MMP-12 was also discussed as an endogenous factor of resolution and clearance (e.g. after myocardial infarction) \[[@bib55]\]. Arginases catalyze the break-down of arginine to ornithine and urea, probably contributing to altered nitric oxide synthesis and signaling. Increased arginase activity was identified as a major trigger of diminished nitric oxide bioavailability in ATII-induced hypertensive mice \[[@bib56]\] and ARG2 was proposed as a marker of macrophage M1 polarization in aldosterone/salt-induced hypertension \[[@bib57]\]. UCP-3 and ARG2 are located in mitochondria, whereas MMP12 affects the extracellular tissue. PTHRP is affecting ion transporters but also regional perfusion. In summary, this represents early stress adaptation in the kidney.

5. Conclusion and clinical implications {#sec5}
=======================================

The present study found that exposure to aircraft noise in mice with ATII-induced hypertension resulted in additional cardiovascular and cerebral adverse effects, showing that hypertensive mice are further challenged by aircraft noise. Taking into account previously established ameliorating effects of NOX-2 deletion in the setting of noise exposure \[[@bib11]\] and the similar effects of depletion of LysM^+^ immune cells in the setting of ATII-induced hypertension \[[@bib14]\], it is tempting to speculate that phagocytic NOX-2 indeed represents the key enzyme in mediating adverse effects in the setting of noise exposure and ATII hypertension. These observations may explain at least in part why patients with existing cardiovascular disease may be more sensitive to additional noise-induced cardiovascular effects \[[@bib8]\]. Our data on aircraft noise-exacerbated cardiovascular damage in hypertensive mice may have implications for traffic noise-mediated adverse cardiovascular health effects in the general population, especially in subjects with pre-established hypertension.
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The following are the Supplementary data to this article:Multimedia component 1Multimedia component 1Multimedia component 2Multimedia component 2

We are indebted to Jörg Schreiner, Bettina Mros, Nicole Glas and Angelica Karpi for their expert technical assistance. The following data are part of doctoral/master thesis projects: HPLC-based ROS measurements (Sanela Kalinovic), the immunohistochemical stainings of aorta (Konstantina Filippou) and brain (Chiara Trevisan), all other data (Katie Frenis). Katie Frenis and Sanela Kalinovic hold PhD stipends of the TransMed PhD Program at the University Medical Center Mainz.

Supplementary data to this article can be found online at <https://doi.org/10.1016/j.redox.2020.101515>.
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